The study of cocrystals has become an attractive area of crystallization science in general and crystal engineering in particular because of their fundamental and practical importance. 1 From a fundamental perspective, crystallization, 2 mainly used as a purification technique, is prone to produce single component crystals and therefore design of cocrystals, which are essentially multi-component, enhances the understanding of the relative importance of various interactions that are involved in the crystallization process. 3 This aspect of cocrystal synthesis has been explored recently by adopting the concept of structural landscape. 4 Sometimes, cocrystals may also serve as an alternative to molecular synthesis. 5, 6 Both these aspects have garnered significant attention from solid-state chemists in recent times and cocrystals with increasing structural complexity and diverse applications have been synthesized. [7] [8] [9] This growing interest in cocrystal synthesis calls for adoption of variegated experimental techniques. Although cocrystals are traditionally synthesized by slow solvent evaporation, this suffers from environmental hazards due to excessive solvent evaporation and from the lack of quantitative yield. As an alternative to this, mechanochemical approaches were sought. 10, 11 While these approaches can be broadly divided into two sub-categories, such as neat grinding (NG) and liquid assisted grinding (LAG), the latter has attracted a lot of attention recently due to its ability to produce cocrystals that are otherwise difficult to synthesize. 12 Despite its great success in obtaining new cocrystals, LAG has sometimes suffered undesired outcomes. 13 In this regard, Jones and coworkers have recently adopted a polymer based grinding approach (POLAG) which provides an alternative to traditional solvent based grinding. 14, 15 This approach was inspired by polymer-induced nucleation studies of organic molecules in the past 16 and has shown that by changing the polarity of the ethylene glycol (EG) derivatives, the cocrystallization outcome can be controlled. More intriguingly, it was noted that the chemical nature of the microenvironment of the EG derivatives is likely to influence the nucleation and growth stages of cocrystal formation. Ionic liquids (ILs) exhibit short and long range interactions between the positively and negatively charged ionic components and therefore are very different from traditional solvents. 17 Although these types of interactions are complex in nature, recently we have shown that the effect of certain ILs can be studied with respect to crystallization and polymorphism. 18, 19 In analogy with the POLAG approach as mentioned above, we hypothesized that changing the structural variables of suitable ILs by changing either of the components may give us access to desirable cocrystals. While the chain length of the EG derivatives could be only variable in POLAG, the structural variables of ILs can be controlled either by individual tuning of the components or in a dual manner, increasing the number of variables in the grinding process. To check the viability of our approach we have chosen two cocrystal systems: (i) caffeine-citric acid (CAF-CA), where cocrystals (Form I) can only be obtained by the LAG technique, illustrating the importance of the grinding liquid, and (ii) caffeine-glutaric acid (CAF-GLU) where the polymorphic outcome can be controlled by tuning the structural variables of the grinding solvents. Inorganic ionic salts have been employed earlier to demonstrate improved synthesis of metal organic frameworks. In order to prepare [Zn 2 Ĳta) 2 Ĳdabco)], required amounts of zinc oxide was mixed with terephthalic acid (ta) and 1,4-diazabicycloĳ2.2.2]octane (dabco) and ground in presence of some inorganic salts (such as potassium nitrate) with dimethyl formamide as a grinding solvent. This approach was termed as ion and liquid assisted grinding (ILAG). 20 However, this is the first time, to the best of our knowledge, where liquid salts (ILs) are employed in liquid-assisted grinding to form cocrystals of organic compounds. In order to differentiate with the previous approach (ILAG), we term it as ionic liquid-assisted grinding (IL-AG).
Our objectives were to determine whether ILs have any role as grinding solvent when used in catalytic amount in mechanochemical grinding, and if they have a role, to determine how they affect the crystallization outcome. The first cocrystal system we studied was caffeine-citric acid (CAF-CA). This cocrystal system has two polymorphic forms (CSD Refcodes: KIGKER, KIGKER01). While screened through techniques based on organic solvents, cocrystals of Form I were obtained only by LAG 21 while the Form II was obtained from a chloroform/methanol solution. 22 However, no cocrystals were obtained by NG. 21 Later, POLAG was shown to be effective in isolating the Form I cocrystal. 14 As Form I of this cocrystal system can only be obtained either by LAG or by POLAG, it demonstrates the importance of the grinding liquid in obtaining the Form I (Scheme 1). We chose imidazolium-based ILs with relatively inert anions as grinding liquids because of their utility in crystallization of small molecules in previous studies. 19 While previous studies employed different solvents or polymers of varying chain lengths, the focus of our strategy involved tuning the ILs either by modifying the substitution on the imidazolium cation or by changing the anions. The ILs studied, 26 ).
The ILs, were stored in a protected environment (in a glovebox and under vacuum) and were shown to have minimal water content (for details see ESI †) prior to use. CAF-CA cocrystal formation was monitored mainly through the low 2θ peaks (See ESI † for the full range diffractograms). Form I of the cocrystals is identified by peaks around 2θ = 10.5°, 12.5°and 13°(blue bands, Fig. 1 ). Peaks at ca. 2θ = 12°indi-cated the presence of unreacted CAF (grey band) and at ca. 14°unreacted CA (red band, Fig. 1 
We first tried to grind the neat powders (NG) of CAF and CA and confirmed previous studies that NG (Fig. 1g) does not produce cocrystals. 21 Next, we carried out the grinding with 4 ] as a grinding liquid also generated Form I as one of the products, the lowest 2θ peak is split, suggesting the presence of other products. Taking all the results into account, it can be said that the formation of Form I of CAF-CA cocrystals were not affected only by the hydrophobicity/hydrophilicity of the ILs, instead the hydrogen bonding ability of the IL cations may also have a key role.
Scheme 1
The cocrystal systems used in this study. Having successfully demonstrated the utility of IL-AG technique for the CAF-CA system, we proceeded to investigate the cocrystal system of caffeine and glutaric acid (CAF-GLU). In this system, there are two forms: Form I is meta-stable and converts to Form II under certain conditions (CSD refcodes: EXUQUJ and EXUQUJ01). 27, 28 Both the forms can be prepared through solution crystallization, as well as mechanochemical techniques. 29 While NG of the two coformers results in the formation of Form I, LAG gives access to both the forms: Form I is obtained when ground with non-polar liquids (e.g., hexane or heptane) whereas Form II is prepared by grinding with polar solvents (e.g., acetonitrile or dichloromethane). The POLAG approach employed polymers of varying EG chains and it was observed that by increasing the non polar EG units with respect to terminal polar -OH groups lead to increased formation of Form I. 15 The observations both from LAG and POLAG were rationalized earlier based on the presence of a non-polar slip plane (200) in Form I (and absence of such in Form II) which interacts favorably with non-polar liquids. 29 In our study of this system with IL-AG, we wanted to determine (i) if it is possible to employ hydrophobic and nonpolar ILs to stabilize the non-polar slip plane (200) 2, 4, 8, 12 ). The experimental procedures used were the same as described above for our studies of CAF-CA.
We monitored the CAF-GLU system again using PXRD. Form I cocrystals (blue band) are identified with peaks at ca. 2θ = 7°and 10.5°, while Form II (red band, Fig. 3 ) can be monitored by peaks at ca. 2θ = 8°and 15°. The presence of peaks at ca. 2θ = 12°indicates the presence of unreacted CAF (grey band). Employing catalytic amount of all these hydrophobic ILs lead to Form I, however, increasing the alkyl chain length on the imidazolium cation leads to a decrease in the rate of cocrystal formation during mechanochemical grinding. Although, it is difficult to quantify the exact extent of cocrystallization in these studies, the amount of unreacted CAF increased with increasing alkyl chain length as can be seen in Fig. 2 4 ], the cocrystals formed were predominantly Form II with traces of Form I present. As the polymorphic preference changes from Form I to Form II with the change of anions and overall hydrophobic-hydrophilic nature of the IL, these results indicate towards the role of anions in the cocrystal formation (Fig. 3) .
The observations in CAF-GLU system illustrate a vital point that the changes in crystallization outcome could often be accomplished by modifying only one ion, while keeping the other ion the same. As the hydrophobicity is controlled mainly by the anions in the given set of ILs, the modification of the cation with respect to differing alkyl chain lengths contributed in the different rate of formation of Form I CAF-GLU cocrystals whereas a change in the nature of the anions (e.g., while going from [OHC 2 mim]ĳNTf 2 ] to [OHC 2 mim]ĳBF 4 ]) lead to the change in the overall polymorphic outcome. This type of subtle adjustment of the overall environment of the ILs by modifying only one component offers fine tuning of the crystallization outcome.
To investigate the generality of these observations further, we tried to investigate the previously published crystal structure of CAF-CA 21 in detail using the coordinates taken from the CSD. 30 Form I of CAF-CA shares a striking similarity in primary and secondary synthon patterns (Fig. 4) with CAF-GLU Form I and a non-polar slip plane along (200) is present in the structure of CAF-CA as shown in Fig. 4 . Therefore, successful isolation of Form I CAF-CA cocrystal with the employment of the relatively hydrophobic ILs may share the same origin as the formation of Form I of CAF-GLU. Although ILs differ from either organic solvents or the EG based polymer derivatives in terms of interactions, the similarity of the observations in both the cases indicate the importance of relatively non-polar and hydrophobic ILs in stabilizing the (200) slip plane and may be indicative of the importance of IL micro-environments to affect the nucleation and growth stages, hence in determining the polymorphic outcome. In summary, we have employed ILs in a mechanochemical grinding approach to see how the nature of ILs affect the crystallization outcome. For the first system, CAF-CA, the importance of IL as grinding liquid was illustrated whereas for the second system, CAF-GLU, the polymorphic outcome of the cocrystal systems were investigated systematically with respect to IL structural variables such as the alkyl chain lengths on imidazolium cations and by changing the anions and hydrogen bonding ability of the IL components. At the end, polymorphic preferences of CAF-GLU and CAF-CA systems may be controlled by the interactions of the respective ILs with the slip planes present in these systems.
Ionic liquid-assisted grinding represents a promising approach in mechanochemistry. As many properties of ILs can be tuned systematically, either by individual tuning of the individual ionic components or in a dual manner, this approach provides a better platform with wider tuning range as compared to either the organic solvents or the polymers. In this work, we have shown that changing either of the components in a systematic way contribute to different aspects of mechanochemical synthesis. A slight modification of the alkyl part on the imidazolium cation mainly contributes towards subtle control of rate of cocrystal formation while change in the overall hydrophobicity-hydrophilicity by changing the anions of the hydroxylated ILs contributed to a drastic change in the overall polymorphic outcome. This aspect of IL-AG may allow rational cocrystal design in future, as well as provide access to some otherwise inaccessible cocrystal polymorphs. This approach adds to the diversity in liquid assisted grinding techniques and provides more variables in terms of systematic tuning of the properties of grinding liquid. Hence, it carries importance to various fields including crystal engineering, ILs, and mechanochemistry.
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